Cu values are universally positive. Our finding of an important shift in sedimentary Cu isotope compositions across the GOE provides new insights into the Precambrian marine cycling of this critical micronutrient, and demonstrates the proxy potential for sedimentary Cu isotope compositions in the study of biogeochemical cycles and oceanic redox balance in the past.
paleoceanography | trace metals | copper cycling | Precambrian | Proterozoic S hortly after the Archean-Paleoproterozoic boundary, the Great Oxidation Event (GOE) ∼2.45-2.32 billion years ago (Ga) marks the first permanent accumulation of oxygen in Earth's atmosphere (1) (2) (3) (4) . Evidence for the GOE comes from a convergence of proxies, including the evolution of redox-sensitive element concentrations and their isotopic compositions in marine sedimentary rocks. Accompanying the GOE was an increase in the oxidative weathering of a relatively untapped continental sulfide reservoir and the onset of sulfide-rich (euxinic) water column conditions in marginal marine settings caused by bacterial sulfate reduction of an increasing oceanic sulfate pool (1) (2) (3) (4) (5) (6) (7) (8) . These events are reflected in the transition from Neoarchean oceans characterized by abundant iron oxide precipitation and the deposition of banded iron formations (BIF) to relative BIF scarcity and increased global marine pyrite burial for much of the Paleoproterozoic (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) .
Light iron (Fe) isotope enrichments in sedimentary pyrite older than 2.4 Ga records oceans strongly affected by BIF deposition and dissimilatory Fe(III) reduction, whereas generally near-zero to positive Fe isotope compositions between 2.3 Ga and 1.8 Ga reflect near-complete drawdown of the Fe reservoir by enhanced oxidation and/or marine pyrite burial (8, 13) . The lack of substantial δ 56 Fe variations in black shale pyrite after 1.5 Ga coincides with oceans becoming even less Fe-rich due to waning submarine hydrothermal activity (8) (9) (10) (11) (12) (13) . To provide a new and complementary perspective on water column redox evolution surrounding the GOE, we turned to sedimentary copper (Cu) isotope compositions, known to respond to redox shifts tuned to Fe and sulfur (S) cycling. Cu-rich runoff to the oceans (17-27) after the GOE. Oxidative dissolution of Cu(I) sulfide minerals to dissolved Cu(II) entails Cu isotope fractionation between the reservoirs by up to 1.2-3.1‰ [Δ Cu as the result of continental sulfide oxidation (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) should have influenced the highly productive post-GOE marginal Significance Redox-sensitive transition metals and their isotopes provide some of the best lines of evidence for reconstructing early Earth's oxygenation history, including permanent atmospheric oxygenation following the Great Oxidation Event (GOE), ∼2.45−2.32 Ga. We show a shift from dominantly negative to permanently positive copper isotope compositions in black shales spanning ∼2.66−2.08 Ga. We interpret the transition in marine δ
65
Cu values as reflecting some combination of waning banded iron formation deposition (which removes heavy Cu) and increased oxidative delivery of Cu from continental sulfides (which supplies heavy Cu). Both processes are ultimately related to increased oxidative weathering and a progressive increase in sulfate and sulfide availability accompanying the GOE. Our results provide insights into copper cycling and bioavailability coupled to Earth's oxygenation history.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1523544113/-/DCSupplemental. marine basins. We can thus hypothesize that the GOE should be accompanied by a transition to seawater that is enriched in 65 Cu relative to continental sources, similar to the modern ocean (28) . This 63 Cu, in turn, would have become incorporated into planktonic biomass that scavenged Cu from seawater. After the GOE, increased oxidative weathering of a previously unweathered continental sulfide pool (5) should have progressively delivered isotopically heavy riverine Cu(II) to the oceans as iron oxide deposition waned in the face of increasingly common oxic or euxinic conditions.
Collectively, this sequence of events predicts that sedimentary δ 65 Cu values should have become increasingly positive across the GOE. To test this hypothesis, we selected a suite of well-characterized, low metamorphic grade black shale samples deposited before, during, and after the GOE, spanning ∼2.7-2.1 Ga. The samples span the Transvaal Supergroup in South Africa and the Francevillian Series in Gabon, both of which have been widely used for reconstructing key intervals in Earth's oxygenation (1, 7, (29) (30) (31) . Our coeval δ 56 Fe (redox-sensitive proxy), δ 13 C org (biological activity proxy), and δ
Cu records, spanning Late Archean iron-rich to Paleoproterozoic sulfide-rich marginal ocean conditions, provide new insight into the Precambrian cycling of Cu, a critical micronutrient, as well as the proxy potential of δ
Cu for tracing marine paleoredox.
Results and Discussion
Temporal Changes in Sedimentary Cu Dynamics on the Evolving Earth.
Changes in the sources, sinks, and mechanisms of Cu delivery to Archean and Paleoproterozoic oceans would have affected both biological activity and Cu isotopic composition. To interpret the δ 65 Cu data, we first reconstruct temporal Cu sedimentary concentrations and the relative importance of iron and sulfide sinks from the BIF and black shale archives (Fig. 1) . The shale and BIF records of authigenic Cu enrichment ( Fig. 1 A and B) , normalized to detrital input using Ti (e.g., refs. 5, 22, and 32), are remarkably static, showing insignificant change on either side of the GOE. Authigenic Cu enrichment in BIF is ∼1,000 times higher relative to black shale (Fig. 1C) . After the GOE, BIF deposition decreased by approximately three orders of magnitude in terms of tonnage (Fig. 1D ), likely associated with declining hydrothermal activity and increasing marine sulfate content resulting from enhanced oxidative continental sulfide weathering (1-13). Consequently, during peak BIF deposition, BIF likely exerted a stronger influence on the concentration and isotope composition of dissolved Cu than black shale deposits. Moreover, Cu/Ti molar ratios in black shale generally fall within an order of magnitude of the upper continental crust (Fig.  1C) , implying that black shales are not a strong Cu sink and therefore are not expected to influence the Cu isotope budget to the same degree as iron oxide-rich sediments. Cu values ≤ 0‰ disappear from our shale record ( Fig. 2A , Table 1 , and Fig. S1 ). This irreversible upward stratigraphic change, which points to secular modification of seawater chemistry from the Neoarchean to the Paleoproterozoic, is significant at the 95% confidence interval (ANOVA, P < 0.05). The δ
65
Cu values appear to plot inversely to δ 13 C org with respect to time (Fig. 2B) , suggesting covariance in Cu and C cycling in ancient oceans.
The preferential adsorption of dissolved 65 Cu by iron oxides yields a Δ 65 Cu solution-iron oxide fractionation of up to ∼1‰ (14-16). During peak BIF deposition at ∼2.48 Ga, ∼4.5 × 10 12 mol Fe/y may have been removed by iron oxide sinks, thereby also removing ∼1 × 10 8 moles of Cu from the ocean annually (33) . Residual bioavailable Cu in the water column would have been left enriched in the lighter isotope 63 Cu. This appears reflected in the Neoarchean data, where black shales reach the lowest δ 65 Cu values in our dataset. With the dramatic reduction in BIF deposition by a factor of 1,000 across the GOE (Fig. 1D) , a shift to heavy dissolved marine 65 Cu enrichment appears inevitable. Shale δ 65 Cu values (tracking seawater) may readily be explained by Rayleigh distillation across important shifts in the proportion of marine Cu exiting via iron oxide sinks (Fig. 3) . Similar isotopic distillation of Cu occurs today in supergene weathering environments (14) . Indeed, starting from seawater with a modern Cu isotopic composition of ∼0.5‰, δ
65 Cu values as low as those observed between 2.5 Ga and 2.45 Ga cannot be achieved during adsorption to iron oxides in the absence of open-system behavior (Fig. 3) .
Moving into the GOE, increasing sedimentary δ 65 Cu relative to the Neoarchean may also be partially explained by an increasing supply of isotopically heavy Cu via continental sulfide weathering (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) Cu, leading to a cumulative fractionation of up to 12‰ between dissolved Cu and its source (26) .
Although shifts in both source Cu isotopic composition and the importance of iron oxide sinks may have influenced the sedimentary δ 65 Cu record, the Cu enrichment records in both shales and BIF are relatively static ( Fig. 1 A and B) , which indicates a more important role for the latter. Our data imply that the light Neoarchean δ 65 Cu values are best explained by inheritance from a seawater component that was isotopically enriched in 63 Cu due to ∼200 million years of intense BIF deposition that preferentially removed 65 Cu (Fig. 4A) . After the GOE, the reduction in BIF deposition, coupled to increased acid rock drainage on land related to the oxidation of sulfide minerals (5), changed the Cu isotopic composition of seawater to permanently positive values.
The adsorption and uptake of dissolved Cu by bacteria appears to favor the light isotope at acidic pH. However, a negligible isotopic effect (i.e., Δ
Cu solution-phytoplankton ≈ 0) is consistently observed in the pH range of modern oceans, for both prokaryotes and eukaryotes (16, 28) . In our sample suite, δ
13
C org values become increasingly depleted with time ( Fig. 2B ), in agreement with reports for other marine sedimentary rocks during this period (3, 34) . Anomalously light black shale δ
C org values at 2.08 Ga have been previously linked to massive oxidation of organic matter and methanotrophy, possibly by the anaerobic oxidation of methane (7, (34) (35) (36) . The absence of a corresponding shift in the δ The FD formation was deposited under sulfidic conditions, whereas the FB2 and FB1 are associated with ferruginous conditions (7) . The Neoarchean to early Paleoproterozoic sediments would have been formed under more dominant ferruginous conditions (9, 11) , whereas the ∼2. Fe values from our own sample set also capture the GOE transition (Fig. 2) (8, 11, 31, 37) , whereas smaller degrees of Fe removal by iron oxide or sulfide precipitation can yield positive sedimentary iron isotope enrichments (8, 38) .
For our bulk shale δ 56 Fe record (Fig. 2) , and in light of previous findings regarding the redox history of our sample suite (1, 7, 29-31), we suggest that positive values preserved under ferruginous conditions ca. 2.66 Ga likely reflect precipitation of a small portion of the dissolved Fe pool under weakly oxidizing conditions (8); near-zero and variable values ca. 2.45-2.15 Ga represent a more important proportion of the local dissolved Fe pool being deposited as iron oxides or sulfides with increasing environmental oxygenation (8) ; and a return to negative values under euxinic basinal conditions ca. 2.08 Ga (7) is best explained by enrichment of light isotopes into iron sulfides formed in the water column or during early diagenesis (38) . Across the GOE, differences between our bulk shale δ 56 Fe values and those reported for pyrites across the same interval (8) Cu values ≤0‰ in shales after 2.3 Ga suggests that Cu isotopes captured a unidirectional shift in the oxygenation of the atmosphere−ocean system across the GOE. Increased riverine Cu and sulfate supply as the result of sulfide mineral weathering across the GOE was accompanied by a decrease in iron oxide precipitation, as evident from the dramatic reduction in BIF (Fig. 1D ) and increased precipitation of sulfide minerals (1-11) after the GOE. Indeed, our data indicate a coincidental increase in bulk δ
